The interaction of transplanted stem cells with local cellular and molecular cues in the host CNS microenvironment may affect the potential for repair by therapeutic cell populations. In this regard, spinal cord injury (SCI), Alzheimer's disease, and other neurological injuries and diseases all exhibit dramatic and dynamic changes to the host microenvironment over time. Previously, we reported that delayed transplantation of human CNS-derived neural stem cells (hCNS-SCns) at 9 or 30 d post-SCI (dpi) resulted in extensive donor cell migration, predominantly neuronal and oligodendrocytic donor cell differentiation, and functional locomotor improvements. Here, we report that acute transplantation of hCNS-SCns at 0 dpi resulted in localized astroglial differentiation of donor cells near the lesion epicenter and failure to produce functional improvement in an all-female immunodeficient mouse model. Critically, specific immunodepletion of neutrophils (polymorphonuclear leukocytes) blocked hCNS-SCns astroglial differentiation near the lesion epicenter and rescued the capacity of these cells to restore function. These data represent novel evidence that a host immune cell population can block the potential for functional repair derived from a therapeutic donor cell population, and support targeting the inflammatory microenvironment in combination with cell transplantation after SCI.
Introduction
The interaction of transplanted cell populations with local cellular and molecular cues in the host microenvironment is a key variable that remains to be elucidated and may shape the translational application of therapeutic cell populations for a clinical spinal cord injury (SCI) population. A principle factor altering the molecular and cellular composition of the host niche is time after injury, which is in part characterized by the recruitment of inflammatory mediators in distinct stages and distributions beginning at the acute [Ͻ7 d post-SCI (dpi)] and persisting through the subacute (7-14 dpi) and chronic (Ͼ14 dpi) phases of trauma (Popovich et al., 1997; Jones et al., 2005; Kigerl et al., 2006; . In particular, a multiphasic cellular response has been identified in a rodent SCI model that includes an early neutrophil [polymorphonuclear leukocytes (PMNs) at 1 dpi] infiltration, and a biphasic microglia/macrophage (7 and 60 dpi) response Nguyen et al., 2011) Accumulating evidence supporting a dual role for infiltrating immune cells has suggested both detrimental (Popovich et al., 1999; Weaver et al., 2000; Jones et al., 2005) and beneficial Rapalino et al., 1998; Schwartz and Yoles 2005; David and Kroner, 2011 ) effects on regeneration and repair after SCI.
A number of studies have suggested that inflammatory cytokines can modulate neural stem cell (NSC) proliferation and differentiation in vitro (Butovsky et al., 2006; Kokaia et al., 2012) . In parallel, microglia have been shown to induce migration and/or enhance neural lineage selection in mouse neural progenitors in vitro (Aarum et al., 2003) and in endogenous hippocampal progenitors in vivo (Monje et al., 2003) . However, the effect of modulation of the inflammatory or immune microenvironment on the migration, differentiation, or therapeutic efficacy of a transplanted cell population has not previously been tested. Critically, the studies presented here are thus unique, demonstrating novel evidence that a host immune cell population blocks the potential for functional repair derived from a transplanted therapeutic cell population.
In the present study, we used human CNS-derived NSCs (hCNS-SCns) propagated as neurospheres (Uchida et al., 2000) , which are capable of differentiation into human neurons, oligodendrocytes, and astrocytes in vitro and in vivo (Tamaki et al., 2002) , and retain multipotency for Ͼ20 passages. We investigated the survival and engraftment of hCNS-SCns in animals receiving transplants acutely (0 dpi) after SCI and compared these results relative to animals transplanted at a delayed time of 30 dpi in an otherwise identical paradigm. Contrary to conventional predictions (Nakamura and Okano 2013), the results demonstrated comparable engraftment of transplanted cells at both time points. However, in comparison with delayed transplants, animals receiving hCNS-SCns at 0 dpi exhibited a clear shift in donor cell localization at the injury epicenter, which was associated with a striking increase in astroglial lineage selection, and failure to exhibit recovery of function. Because the acute injury microenvironment is associated with robust activation of the innate inflammatory response, including transient early accumulation of PMNs at the lesion epicenter , we next investigated whether specific PMN depletion could alter the fate and migration of transplanted hCNS-SCns and restore the potential for donor cells to improve locomotor function. We demonstrate that PMN depletion via anti-Ly6G treatment was specific and sustained and resulted in the release of donor human cell localization to the injury epicenter, the inhibition of human astrocyte differentiation, and the rescue of the capacity of transplanted hCNS-SCns to improve locomotor recovery. Together, these data demonstrate a potential therapeutic strategy to modulate the host CNS microenvironment and promote functional repair by a donor cell population.
Materials and Methods
Exclusions, final numbers, and experimental blinding. All surgical, behavioral, histological, and quantitative analyses were performed by observers blinded to groups. Preinjury and postinjury animal exclusions, Grubbs test exclusions, and final animal numbers for statistical analysis are detailed below. There were no animal exclusions due to engraftment failure or at the stage of histological analysis. The number of animals that received SCI and cell transplant and the number of animals that were used for stereological analysis and behavioral assessments for all experiments are summarized in Table 1 .
Acute versus delayed cell transplantation studies
Contusion SCI and cell transplantation. Female NOD-scid mice (N ϭ 16/group, 10 weeks old; The Jackson Laboratory) were anesthetized using Avertin (0.5 ml/20 g tribromo-ethanol) and received a laminectomy at the thoracic vertebrae 9 (T9) using a surgical microscope. The animals were secured in a spinal stereotactic apparatus to receive 50 kilodyn (1 dyn ϭ 10 N) contusion injuries using the Infinite Horizon (IH) Impactor (Precision Systems and Instrumentation) at T9. Before SCI, animals were randomly assigned to receive either hCNS-SCns or vehicle injections. A priori exclusion criteria were as follows: evidence of cord bruising during laminectomy, less than Ϯ10% of 50 kilodyn force based on force/ displacement curve, or evidence of unilateral cord bruising after SCI. Exclusion of animals was determined by investigators blinded to groups.
hCNS-SCns were provided by StemCells and are derived via fluorescence-activated cell sorting from donated fetal brain tissue and expanded as neurospheres based on expression of the stem cell marker CD133 ϩ , lack of the hematopoietic markers CD34 Ϫ and CD45 Ϫ , and low levels of CD24 lo . Sorting by these markers has previously been shown to result in a highly enriched population of human NSCs (hNSCs), and the development and transplantation of these cells has been described in detail previously (Uchida et al., 2000) . Polished siliconized beveled glass pipettes (bevel: inner diameter, 70 m; outer diameter, 100 -110 m; Sutter Instruments) were loaded with freshly triturated Passage 9 -10 multipotent hCNS-SCns (75,000 cells/l injection buffer) or vehicle injection buffer (50% X-Vivo, 50% HBSS), which were injected into the intact parenchyma at T9 using a NanoInjector system and micropositioner (WPI Instruments). Each site received 250 nl of cells or vehicle, delivered in 50 nl volumes over 75 s, followed by a 2 min delay before withdrawal of the pipette . Previous studies in our laboratory have demonstrated that this volume does not exacerbate damage to the spinal cord. In an acute cell transplant model, mice received hCNS-SCns immediately after SCI. In a delayed cell transplant model, animals were reanesthetized at 30 dpi, sutures were removed, and the laminectomy/injured site at T9 was re-exposed. In both paradigms, animals received four injections of hCNS-SCns or vehicle into the intact parenchyma adjacent to the contusion site . The survival time for all cell-transplanted and vehicle-injected animals was 12-16 weeks post-SCI. After cell or vehicle injections, a small piece of gel-foam was placed over the site of laminectomy and the musculature was closed with sutures. Animals received lactated Ringer's solution (50 ml/kg, s.c.) immediately after surgery and for 3-5 d postsurgery, as well as buprenorphine (0.5 mg/kg, s.c.) immediately after injury and for 2 d thereafter. Due to the immunodeficient nature of NOD-scid mice, and to avoid the possibility of bladder infections, antibiotics were administered daily throughout the 12-16 week duration of the study, rotating the use of Baytril, ciproflaxacin, and ampicillin (2.5 mg/kg, s.c., dose for all drugs) every 2 weeks.
Tissue collection and processing. Mice were anesthetized at 12-16 weeks postinjury and transcardially perfused with PBS followed by 4% PBSbuffered paraformaldehyde. Spinal cord regions corresponding to dorsal roots at T2-T5, T6 -T12, and T13-L2 were dissected and postfixed overnight in 4% PBS-buffered paraformaldehyde, flash frozen at Ϫ65°C in isopentane, and stored at Ϫ80°C. The T6 -T12 spinal cords were embedded in Tissue-Tek optimal cutting temperature (OCT) compound and sectioned parasagittally at 30 m on a sliding microtome (Microm). Parasagittal sections were collected and stored in 96-well tissue culture plates filled with 100 mM Tris with 0.02% sodium azide and kept at 4°C until processed for immunostaining. For diaminobenzidine (DAB) immunohistochemistry, tissue sections were incubated with 10% MeOH/3% H2O2 in 100 mM Tris to inactivate endogenous peroxide activity and immunostained as described in the study by Hooshmand et al. (2009) . Methyl green counterstain was used to visualize nuclei (Sigma-Aldrich). Fluorescence-conjugated immunohistochemistry was performed as described in the study Hooshmand et al. (2009) . All antibodies and dilutions are listed in Table 2 .
Stereological analysis. Animals containing less than three sections with a visible injury epicenter (minimum number required for obtaining reliable results) were excluded from stereological analyses. Stereology of a randomly selected subgroup of animals (N ϭ 6/group) was conducted using an Olympus BX51 Microscope with a motorized stage and StereoInvestigator software (version 7.00.3; MBF Biosciences). The Optical Fractionator probe (Joelving et al., 2006) was used to count the number of SC121 human cells and SC123 human astrocytes. The counting areas were determined by drawing contours at every 1 mm region (for SC121 ϩ cells) and around the entire spinal cord (for SC123 ϩ cells) using a 4ϫ objective. SC121 or SC123 cells associated with a visible methyl green nuclear stain were counted using a 100ϫ objective in the corresponding areas. Grid size measurements were determined based on preliminary experimentation to establish low coefficient of error and sufficient total estimated counts per frame (3-5 cells/counting frame). A minimum of three sections where the injury epicenter was clearly visible was analyzed for each animal. Quantification in StereoInvestigator yielded the total number of SC121 or SC123/methyl-green double-labeled cells within each region or the entire spinal cord, respectively. Total SC121 count was calculated as the sum of cells in all 1 mm regions. Migration was reported as the total number of cells at each region.
Stereological data for SC123 ϩ and SC121 ϩ donor cells was also used to determine the proportion of SC123 ϩ cells near the lesion (within 1 mm of the epicenter) versus away from the lesion (Ͼ1 mm distal to epicenter), based on the identification of the lesion using fibronectin immunoreactivity. For this analysis, the lesion epicenter was identified as the center line of fibronectin immunoreactivity in alternate parasagittal sections, and the total number of cells within 2 mm of this center line were determined to have proximal localization using StereoInvestigator reconstruction of optical fractionator data.
Volume analyses were performed using the Cavalieri estimator probe in StereoInvestigator. Lesion volume analysis was performed using fibronectin immunostaining. The fibronectin ϩ region was identified as the lesion epicenter, and a point-grid of known spacing (100 m apart) was randomly overlayed on the section image. Points were counted using a 20ϫ objective within the region of interest. This analysis yielded the estimated lesion volume.
PMN depletion studies
Contusion SCI and cell transplantation. The effect of PMN depletion was only tested in an acute cell transplant paradigm post-SCI. As described above, female NOD-scid mice (N ϭ 12/group, 10 weeks old; The Jackson Laboratory) received a laminectomy at the T9 and 50 kilodyn contusion injuries using the IH Impactor (Precision Systems and Instrumentation) at T9. Before SCI, animals were randomly assigned to receive either anti-Ly6G or IgG2a intraperitoneal injections, described below, followed by hCNS-SCns transplants or vehicle injections (Table 1) . On the day of transplantation, Passage 9 multipotent hCNS-SCns grown as neurospheres were dissociated into a single-cell suspension, and cells (75,000/l) or vehicle were injected into the intact parenchyma at T9. Immediately after SCI, each mouse received a total of four injections of hCNS-SCns or vehicle in the intact parenchyma adjacent to the contusion site . The survival time for all animals was 90 dpi (ϳ12 weeks post-SCI).
Anti-Ly6G intraperitoneal injections and flow cytometric analysis. PMN depletion was accomplished using anti-Ly6G (i.p. injections, 100 l volume; Clone 1A8, Bio X Cell) according to a modified injection scheme from a previous study (Saiwai et al., 2013) . One day before SCI and cell transplantation, mice (N ϭ 12/group) received 200 g of either antiLy6G or IgG2a isotype (Bio X Cell) control. Mice also received additional injections (100 g) of anti-Ly6G or IgG2a immediately following SCI/ transplantation and every 3 d after for up to 15 dpi. Anti-Ly6G injections did not result in any fatality or adverse effect/toxicity. Furthermore, an additional subset of animals (N ϭ 8 per group) that received SCI only (without cell transplant) was used to confirm short-term PMN depletion by anti-Ly6G in the blood and spinal cord. These animals were sacrificed at 1 dpi (N ϭ 4) or 14 dpi (N ϭ 4), while the rest of the animals that received cell transplant and either anti-Ly6G or IgG2 were sacrificed at 90 dpi (Table 1) .
PMN depletion in the blood and spinal cord was assessed using flow cytometry. Briefly, blood samples (20 l) from the tail vein were collected in 1.5 ml Eppendorf Tubes containing 1 ml of cold PBS with 2 mM EDTA. Spinal cord tissues from T8 -T10 from randomly selected anti-Ly6G-and IgG2a-treated animals were removed, and dissociated mechanically and enzymatically according to previous study . Spinal cord cell solution was further purified from myelin debris using Myelin Removal Magnetic Beads II Kit on an autoMACS Pro Separator (Miltenyi Biotec) according to the manufacturer instructions.
Collected cells isolated from blood or spinal cord tissues were suspended in 0.85% NH4Cl2 lysis solution and washed with 1 ml of PBS with 2 mM EDTA. A master mix of antibodies (all were obtained from BioLegend and diluted at 1:100 in PBS) was prepared containing PE/Cy7 anti-mouse CD45 (catalog #103114; RRID:AB_312979), APC antimouse CD11b (catalog #101211; RRID:AB_312794), PE anti-mouse Ly6G (catalog #127607; RRID:AB_1186104), and FITC anti-mouse Ly6C (catalog #128005; RRID:AB_1186134). A volume of 100 ml of antibody master mix was distributed to each cell sample, incubated for 20 min, washed with 1 ml of PBS, and analyzed on an LSII (BD Biosciences) flow cytometer. Cell viability detected by propidium iodide (Sigma-Aldrich) was typically Ͼ90%. Ly6G and Ly6C have been used previously to reliably identify PMNs and monocytes in the blood and spinal cord tissue (Saiwai et al., 2013; Daley et al., 2008 (N ϭ 4) , and animals that received SCI ϩ anti-Ly6G (N ϭ 4). Mice were sacrificed 1 dpi, and total RNA was collected from whole T8 -T10 vertebral spinal cord. RNA was extracted using TRIzol (Life Technologies), and DNasetreated and purified using a NucleoSpin RNA II kit (Macherey-Nagel). Purified RNA was quantified using a Qubit 2.0 Fluorometer (Life Technologies) and checked for quality using an Agilent Technologies Bioanalyzer 2100. Library construction and sequencing were performed at the University of California, Irvine, Genomics High-Throughput Facility. cDNA libraries were made with a TruSeq RNA Library Prep Kit version 2 (Illumina) according to manufacturer instruction and sequenced on an Illumina HiSeq 4000 platform producing ϳ30 million paired-end reads with a read length of 100. Before read mapping, each sample was subjected to qualitative control analysis by FastQC tool (http://www. bioinformatics.babraham.ac.uk/projects/fastqc/). Subsequently, potential ribosomal contamination was removed by the SortMeRNA tool (Kopylova et al., 2012) and low-quality bases (Q Ͻ 30) were filtered out by the Trimmomatic tool (Bolger et al., 2014) . Then, RNA sequencing (RNAseq) reads were mapped to mouse reference genome GRCm38 version 87 using STAR aligner, and the uniquely mapped reads were summarized at the gene level using featureCounts (Liao et al., 2014) . Differential gene expression analysis was performed on TMM normalized counts implemented in EdgeR (McCarthy et al., 2012) . A false discovery rate-corrected p value of Ͻ0.05 was used in determining significant differentially expressed genes for respective comparisons. Principal component analysis (PCA) was performed using R package "stats" and plotted using JMP statistical tool (version 11, SAS Institute). Hierarchical clustering was performed and visualized using the R package ggplot2_2.2.1. Tissue-specific expression was determined in FunRich (Pathan et al., 2015) . The functionally relevant biological information for differentially expressed genes (DEGs) were identified using geneSCF tool ( Tissue collection, processing, and analysis. Mice were anesthetized at 12 weeks postinjury and transcardially perfused with PBS followed by 4% PBS-buffered paraformaldehyde. Spinal cord regions corresponding to dorsal roots at T2-T5, T6 -T12, and T13-L2 were dissected and postfixed overnight in 4% PBS-buffered paraformaldehyde, flash frozen at Ϫ65°C in isopentane, and stored at Ϫ80°C. The T6 -T12 spinal cords were embedded in Tissue-Tek OCT compound and sectioned coronally at 30 m using a CryoJane tape transfer system (Leica Biosystems). A subset of animals (IgG2a, N ϭ 2; anti-Ly6G, N ϭ 2) was randomly selected for sectioning in the parasagittal plane on a sliding microtome (Microm) using the same method described above. CryoJane sections were stored at Ϫ20°C until processing for immunohistochemical or other staining. For immunohistochemistry, frozen CryoJane sections were brought to room temperature. Sections were processed for antigen retrieval using Buffer A, pH 6, in the Retriever 2100 System (PickCell Laboratories).
All primary antibodies and dilutions that were used for immunolabeling are listed in Table 2 , including human cytoplasm SC121, human GFAP SC123, and fibronectin. The secondary antibodies used were either biotin-conjugated or fluorescence-conjugated affinipure F(abЈ)2 fragment secondary antibodies (Jackson ImmunoResearch). DAB, methyl green counterstaining, and fluorescence-conjugated immunohistochemistry were performed as described above and in a previous study (Hooshmand et al., 2009) . Fluorescent images were captured on the Zeiss LSM510 Ultraview VOX Spinning Disk Confocal Microscope; saved as red, green, and blue; and final images were merged using Volocity 5.0 software.
Stereological analysis. As above, stereology of a randomly selected subgroup of animals (N ϭ 5/group) was conducted using an Olympus BX51 Microscope with motorized stage and StereoInvestigator to estimate unbiased total SC121 human cell and SC123 human astrocyte numbers, and volumes of fibronectin lesion SC121 and SC123 clustering. Uniform random sampling of the tissue was performed according to standard stereological principles. Sampling parameters (i.e., grid size and counting frame size) were empirically determined to arrive at low coefficients of error. Briefly, total numbers of SC121 ϩ human cells were determined by unbiased stereology in 1 of 12 intervals from coronal spinal cord sections 0.36 mm apart using systematic random sampling with an optical fractionator probe and StereoInvestigator version 9 (MicroBrightField). Optical fractionator grid size (SC121, 350 ϫ 350 m; SC123, 200 ϫ 200 m) and counting frame size (SC121, 35 ϫ 35 m; SC123, 50 ϫ 50 m) were empirically determined to yield average Gundersen cumulative error values of Ͻ0.1.
As described above, stereological data for SC123 ϩ cells was used to determine the number of SC123 ϩ cells near the lesion (within 1 mm of the epicenter) versus away from the lesion (Ͼ1 mm distal to epicenter), based on the identification of the lesion using Fibronectin immunoreactivity. For this analysis, the lesion was identified as the volume occupied by fibronectin immunoreactivity in alternate parasagittal sections. The total number of cells within 2 mm of this lesion was determined to have proximal localization using StereoInvestigator reconstruction of optical fractionator data. Furthermore, the distribution/migration of SC121 human cells and SC123 human astrocytes was represented as the number of cells that were binned at distance (in millimeters) away from the spared tissue region.
A Cavalieri probe (grid size, 20 ϫ 20 m; SI9, MicroBrightField) was used to analyze total volumes of spinal cord, fibronectin lesion, SC121 clustering, and S123 clustering in 1 of 12 intervals from coronal spinal cord sections 0.36 mm apart, at 10ϫ magnification for spinal cord and 20ϫ magnification for fibronectin lesion and clustering volumes.
Behavioral tasks and assessments
Locomotor recovery in mice (N ϭ 10 -16/group; Table 1) was assessed using CatWalk gait analysis to assess kinematic parameters (Koopmans et al., 2005) . CatWalk testing was conducted by blinded technicians 1 d before SCI and every 4 weeks until sacrifice.
Statistics
Statistics were performed using Prism (version 5, GraphPad). Comparisons between acute versus delayed cell transplants, cell transplant versus vehicle, and IgG2a versus anti-Ly6G treatments for flow cytometric analysis, stereological quantification, and behavioral assay data (CatWalk) were analyzed using individual two-tailed Student's t tests. Human cell distribution/migration of SC121 human cells and SC123 human astrocytes was analyzed using two-way ANOVA followed by Bonferroni post hoc t tests. Time courses of blood PMNs and spinal cord-infiltrated PMNs were analyzed using one-way ANOVA followed by Bonferroni post hoc t tests. Significance was defined as p Ͻ 0.05.
Study approval
All animal housing conditions, surgical procedures, and postoperative care was conducted according to the Institutional Animal Care and Use Committee guidelines at the University of California, Irvine.
Results

Acute transplantation of hCNS-SCns altered donor cell astroglial differentiation and distribution and did not improve recovery after SCI
Because these studies involved xenogeneic transplantation, we used a constitutively immunodeficient mouse model of SCI that we have previously shown to enable sufficient human donor cell engraftment success to accurately assess long-term cell integration and effects on locomotor recovery of function . While the adaptive immune response is absent in these animals, this NOD-scid mouse model has an intact cellular innate immune response including PMN and macrophage/microglial recruitment, and histopathological characteristics comparable to other laboratory mouse strains following SCI (Luchetti et al., 2009) . Accordingly, vertebral level T9 contusion-injured NODscid mice received bilateral hCNS-SCns transplants or vehicle into the spared parenchyma 1 mm above and below the SCI epicenter either immediately post-SCI (acute, 0 dpi) or 30 d post-SCI (delayed, 30 dpi). All animals received 75,000 hCNS-SCns in a total injection volume of 1 l distributed across four injection sites, as described under Materials and Methods.
Histological analyses using a human-specific cytoplasmic antibody ( Fig. 1 A, B , SC121/STEM121, brown label) demonstrated donor human cell engraftment in 100% of animals (N ϭ 16) that received hCNS-SCns in either acute or delayed transplantation post-SCI. Blinded, unbiased stereological quantification at 12-16 weeks post-transplantation using the optical fractionator probe revealed 210,000 Ϯ 31,023 hCNS-SCns for mice receiving acute transplantation and 215,700 Ϯ 48,980 for mice receiving delayed transplantation (Fig. 1C) , demonstrating no differences in donor human cell engraftment. Surprisingly, however, mice receiving acute transplantation exhibited dense clustering of hCNS-SCns proximal to the lesion that was not apparent after delayed transplantation ( Fig. 1 A, B) . This observation was verified by stereological quantification, which demonstrated a significantly higher number of hCNS-SCns localized in the spared parenchyma near the lesion (within 1 mm of the epicenter, as described in Materials and Methods) in acute versus delayed transplantation animals ( Fig. 1D ; 93,260 Ϯ 15,760 in acute vs 38,380 Ϯ 7780 in delayed). The reverse was apparent for hCNS-SCns that migrated away from the lesion (Ͼ1 mm distal to the epicenter), with significantly higher cell numbers distal to the epicenter in delayed versus acute transplants (Fig. 1D) . Together, these data show no difference in total hCNS-SCns engraftment between transplant paradigms; however, there was a striking difference in the distribution/localization of hCNS-SCns within the injured spinal cord.
hCNS-SCns do not alter lesion volume after delayed transplantation (Hooshmand et al., 2009; Salazar et al., 2010) . Here, we assessed the localization of hCNS-SCns at the lesion epicenter and tested the effect of donor human cells on lesion volume after acute transplantation using fluorescent immunolabeling for SC121 and fibronectin. Although large numbers of hCNS-SCns were densely packed adjacent to the fibronectin ϩ epicenter 12 weeks after acute transplantation, few were localized within the fibronectin ϩ epicenter itself ( Fig. 2A , hCNS-SCns, red; fibronectin, green; colocalization, yellow), suggesting that acutely transplanted cells migrated toward the epicenter but avoided the epicenter core. Blinded, unbiased stereological quantification using the Cavalieri probe revealed no significant differences between fibronectin ϩ regions in mice receiving acute hCNSSCns transplants versus vehicle controls (Fig. 2B) , demonstrating that acutely transplanted hCNS-SCns neither increased nor decreased lesion volume.
hCNS-SCns transplantation at delayed time points promotes locomotor recovery Salazar et al., 2010) . In the present study, despite comparable engraftment ( Fig. 1) , acute transplantation was not associated with functional recovery as determined by open-field locomotor assessment or ladderbeam analysis (data not shown). Furthermore, CatWalk kinematic gait analysis (Hamers et al., 2006) , a more sensitive assessment of the fine aspects of locomotion, did not reveal significant differences between acute hCNSSCns transplant versus vehicle groups in any parameters including hindpaw print area, hindpaw maximum contact area, mean swing speed, and the percentage of step sequence Ab (Fig. 2C-F) . Collectively, our data suggest that, despite evidence of efficacy after delayed transplantation, acute hCNS-SCns transplantation at 0 dpi failed to promote locomotor recovery.
hCNS-SCns transplantation at delayed time points, 9 and 30 dpi, respectively, results in predominant differentiation into oligodendrocytes (68% and 50%), some neurons (25% and 40%), and very few astrocytes (3% and 8%; Salazar et al., 2010) . In contrast, in the present acute transplant study, bright-field and confocal imaging using a human-specific astrocytic marker (SC123/ STEM123) revealed the presence of many SC123 ϩ human astrocytes proximal to the injury epicenter (Fig. 2G,H ) , corresponding to regions of dense donor human cell clusters. The specificity of SC123 for GFAP was validated, as SC123 ϩ cells adjacent to the lesion exhibited nearly complete overlap with pan-GFAP ϩ cells (data not shown), suggesting that the majority of cells in this region were GFAP ϩ astrocytes and human in origin. Blinded, unbiased stereological quantification using the optical fractionator probe demonstrated that 86.3% of SC123 ϩ human astrocytes in the spinal cords of mice receiving acute hCNS-SCns transplantation were localized in the spared parenchyma near the lesion (within 1 mm of the epicenter; Fig. 2I ), suggesting that human donor cells were recruited toward the epicenter, where they differentiated into astrocytes. While studies have suggested that the injured spinal cord niche is gliogenic (Shihabuddin et al., 2000; Cao et al., 2001) , there has been a paucity of empirical studies to determine whether variations in host niche and/or cellintrinsic properties drive fate decisions of transplanted cells (Monje et al., 2003) . Because PMNs are specifically and selectively recruited to the epicenter of the acute post-SCI microenvironment in humans , rats , and mice (Saiwai et al., 2013), we next investigated the role of PMNs in modulating donor human cell astroglial fate, migration, and associated functional recovery in the acute SCI niche.
Anti-Ly6G administration specifically depleted PMNs after SCI As the first immune cells to populate the site of injury, PMNs have been suggested to affect injury and subsequent processes through physical PMN-to-cell contact (Dinkel et al., 2004) and the production of free radicals (Yagisawa et al., 1996) , proteases (de Castro et al., 2000) , and proinflammatory cytokines (Lenzlinger et al., 2001 ). As described above, NOD-scid mice have a comparable innate cellular immune response to other mouse strains. Here, we verified the presence of PMNs (Ly6G ϩ /Ly6C Ϫ ) using flow cytometry, demonstrating that NOD-scid mice have a robust and transient PMN infiltration that peaked at 1 dpi (Fig.  3B ) and was localized to the spinal cord lesion epicenter (data not shown). The timing and localization of this response were consistent with those determined in other studies in rats and mice without adaptive immune system (T-and B-cell) deficiencies (Luchetti et al., 2009; Stirling et al., 2009; . Further, a robust presence of PMNs was detected in the blood of NOD-scid mice after SCI, showing a peak (90% of leukocytes) of PMNs at 4 h post-SCI and gradually returning to preinjury levels (60% of leukocytes) after 10 dpi (Fig. 3A) .
Having validated the retention of an innate cellular immune response after SCI in NOD-scid mice, we next tested the specificity and efficiency of anti-Ly6G to deplete PMNs in the blood and spinal cords of SCI mice. All mice received a mid-thoracic moderate contusion SCI as described in Materials and Methods, and either IgG2a or anti-Ly6G administration via intraperitoneal injection 1 d before SCI, as well as immediately after SCI, and every 3 d until animals were sacrificed at 1 or 14 dpi (Fig. 4A) . Flow cytometric analysis demonstrated that, compared with IgG2a-treated animals, anti-Ly6G-treated animals exhibited efficient depletion of PMNs in the blood at 1 dpi ( Fig. 4B-D; 1.23 Ϯ 0.65% of leukocytes; N ϭ 8), which was sustained through 14 dpi ( Fig.  4E ; 8.46 Ϯ 5.17% of leukocytes; N ϭ 4). Furthermore, anti-Ly6G-treated animals exhibited comparable PMN depletion efficiency in the spinal cord at 1 dpi ( Fig. 4F-H ; 4.25 Ϯ 1.78% of leukocytes; N ϭ 4) and up to 14 dpi ( Fig. 4I; 2 .46 Ϯ 0.43% of leukocytes; N ϭ 4). Interestingly, anti-Ly6G treatment also resulted in an increasing proportion of monocytes (Ly6G Ϫ /Ly6C ϩ ) detected in blood at 1 and 14 dpi (Fig. 5A-D) , and in spinal cord tissue at 1 dpi but not 14 dpi (Fig. 5E-H ) . We hypothesized that this change in proportion was not the result of an increase in monocytes, but rather the result of a shift due to the depleted PMN population in anti-Ly6G-treated animals. We tested this possibility by analyzing the absolute number of PMNs or monocytes per 5000 events counted via flow cytometry. Anti-Ly6G-treated animals exhibited a dramatic reduction in PMN number counted via this method compared with IgG2a-treated animals, at 1 and 14 dpi in both blood (Fig. 6 A, C) and spinal cord (Fig. 6 E, G) . In contrast, there was no difference in the monocyte number counted between IgG2a and anti-Ly6G-treated groups at 1 and 14 dpi in either blood (Fig. 6 B, D) or spinal cord (Fig. 6 F, H ). These data demonstrate that anti-Ly6G efficiently and specifically depleted PMNs and did not affect monocyte absolute cell number after SCI. We next investigated whether the specific PMN depletion via anti-Ly6G injections could alter the fate and migration of trans- Figure 3 . After SCI, the number of PMNs increased acutely in the blood and spinal cord of mice. A, NOD-scid mice were given a moderate (50 kilodyn) contusion injury at T9, and blood samples were collected before injury and daily from 4 h to 14 dpi. B, For spinal cord PMN infiltration, another set of animals was given a moderate (50 kilodyn) contusion injury at T9 and were sacrificed at 2 h, 1 dpi, 3 dpi, 7 dpi, 9 dpi, 14 dpi, 30 dpi, or 60 dpi. Blood (N ϭ 4 -8/group) and spinal cord (N ϭ 4/group) cells were immunolabeled for CD45, CD11b, Ly6G, and Ly6C. For all samples, the CD45 ϩ /CD11b ϩ leukocyte cell population was gated to assess for Ly6G ϩ /Ly6C Ϫ PMNs. The percentage of PMNs is expressed as the number of PMNs relative to CD45 ϩ /CD11b ϩ leukocytes. *p Ͻ 0.05; ***p Ͻ 0.001, one-way ANOVA followed by Bonferroni post hoc t tests, N ϭ 4 -8/group. Values are given as the mean Ϯ SEM.
planted hCNS-SCns and restore the potential for donor human cells to promote the recovery of function.
Anti-Ly6G altered gene expression in the host microenvironment after SCI
Anti-Ly6G injection produced specific PMN depletion, which we predicted to alter the host injury microenvironment. We tested the effect of PMN depletion on the host injury microenvironment using RNAseq analysis. Total RNA was collected for RNAseq and gene expression analysis from naive control (no SCI, no IgG2a, or anti-Ly6G injection, N ϭ 4), SCI ϩ IgG2a-treated (N ϭ 4), and SCI ϩ anti-Ly6G-treated (N ϭ 4) mice 1 dpi. We selected 1 dpi because this represents both the peak of PMN infiltration and the early period after hNSC transplantation in our paradigm. Changes in overall gene expression were most apparent between naïve and injured spinal cord, regardless of IgG2a or anti-Ly6G treatment (Fig. 7 A, B) . Surprisingly, a comparison of SCI ϩ IgG2a and SCI ϩ anti-Ly6G treatment groups revealed only 25 genes with significant expression differences, a majority of which were associated with inflammation ( Fig. 7C-F ). Mapping to a multitissue gene expression dataset using a Human Proteome Map (Kim et al., 2014) demonstrated that identified genes were predominantly associated with innate and adaptive immune cell populations (Fig. 7E) ; a similar result was observed in gene ontology enrichment analysis (Fig. 7F ) . These data suggest that the effect of injury on gene expression patterns in the spinal cord vastly outweighs the changes produced in the SCI microenvironment as a result of PMN depletion. Moreover, PMN depletion via anti-Ly6G treatment resulted in a surprisingly small subset of expression changes in the acute microenvironment, which were principally confined to inflammatory cells, suggesting highly specific changes to the host microenvironment at this time point.
Anti-Ly6G depleted PMN following cell transplantation and did not alter host fibronectin lesion volume after SCI
For these studies, all mice received a mid-thoracic moderate contusion SCI and were randomized into one of the following four groups: vehicle ϩ IgG2a, vehicle ϩ anti-Ly6G, hCNS-SCns ϩ IgG2a, or hCNS-SCns ϩ anti-Ly6G. Because these studies reflect an immediate post-SCI transplantation paradigm, all postinjury and post-transplantation times are referred to in dpi. Animals received IgG2a or anti-Ly6G intraperitoneal injection 1 d before SCI; immediately after SCI; and at 3, 6, 9, 12, and 15 dpi. Imme- Figure 4 . Anti-Ly6G depleted PMNs in blood and spinal cord at 1 dpi and up to 14 dpi. All NOD-scid mice received a moderate (50 kilodyn) contusion injury at T9. A, Anti-Ly6G or IgG2a were administered intraperitoneally to mice 1 d before SCI, immediately after SCI, and every 3 d thereafter for up to 14 dpi, until the animals were sacrificed at 1 or 14 dpi. B-E, Blood samples collected from these animals at 1 dpi (B-D) and 14 dpi (E) were assessed for PMN cell counts via flow cytometry. F-I, Likewise, spinal cord cells collected from animals at 1 dpi (F-H) and 14 dpi (I) were assessed for PMN cell counts. Blood cells (N ϭ 8/group at 1 dpi; N ϭ 4/group at 14 dpi) and spinal cord cells (N ϭ 4/group at 1 and 14 dpi) were immunolabeled for CD45, CD11b, Ly6G, and Ly6C. For all samples, the CD45 ϩ /CD11b ϩ leukocyte cell population was gated to assess Ly6G ϩ /Ly6C Ϫ PMNs. PMN counts are expressed as a proportion (%) of CD45 ϩ /CD11b ϩ leukocytes. ***p Ͻ 0.001, **p Ͻ 0.01, Student's t tests. Values are given as the mean Ϯ SEM.
diately after SCI, mice also received bilateral hCNS-SCns transplants or vehicle into the spared parenchyma 1 mm above and below the SCI epicenter, as described above. Blood was collected to confirm PMN depletion efficiency at 1 and 14 dpi. All animals were sacrificed at 90 dpi (Fig. 8A) . Figure 8 shows the results of groups that received cell transplant (open circles) and vehicle injection (filled squares), for both IgG2a (green) and anti-Ly6G (purple) groups, in the same graphs for reference. No significant differences were detected between groups that received cells versus vehicle within either the IgG2a or Ly6G treatment groups, demonstrating that cell transplantation did not alter the cellular response within animals that received IgG2a or anti-Ly6G.
Compared with the robust PMN levels in IgG2a-treated animals, complete PMN (Ly6G ϩ /Ly6C Ϫ ) depletion was evident . PMN depletion via anti-Ly6G did not affect the absolute number of monocytes in the blood and spinal cord at 1 dpi and up to 14 dpi. The quantitation of PMN cell numbers per 5000 events demonstrated that anti-Ly6G treatment effectively depleted the number of PMNs (compared with IgG2a treatment) in blood at 1 dpi (A) and 14 dpi (C), and in the spinal cord at 1 dpi (E), but not at 14 dpi (G) when PMNs are known to be minimally detectable in the cord. B, D, F, H, Interestingly, the quantitation of monocyte cell numbers per 5000 events demonstrated no difference in the absolute number of monocytes between IgG2a-and anti-Ly6G-treated animals in the blood (B, D) and spinal cord (F, H) at either 1 or 14 dpi. Blood cells (N ϭ 8/group at 1 dpi; N ϭ 4/group at 14 dpi) and spinal cord cells (N ϭ 4/group at 1 and 14 dpi) were immunolabeled for CD45, CD11b, Ly6G, and Ly6C, and were assessed for PMN or monocyte cell number per 5000 events via flow cytometry. For all samples, the CD45 ϩ /CD11b ϩ leukocyte cell population was gated to assess for Ly6G ϩ /Ly6C Ϫ PMN or Ly6G Ϫ /Ly6C ϩ monocytes. All values are expressed as the absolute number of PMNs or monocytes per 5000 events. ***p Ͻ 0.001, Student's t test. Values are given as the mean Ϯ SEM. Figure 7 . PMN depletion via anti-Ly6G altered gene expression associated with inflammation and cell fate in the spinal cord. All NOD-scid mice received a moderate (50 kilodyn) contusion injury at T9. Anti-Ly6G or IgG2a was administered intraperitoneally to mice as described above, and they were sacrificed at 1 dpi. Total RNAs from anti-Ly6G-treated (N ϭ 4), IgG2a-treated (N ϭ 4), and naive (N ϭ 4) mice were isolated from spinal cord tissues (T8 -T10), and gene expression analysis was compared between naive and SCI IgG2a, naive and SCI anti-Ly6G, and SCI IgG2a and SCI anti-Ly6G groups. A, PCA was performed on the whole gene expression matrix of all samples. Each dot in the graph represents a sample color coded by experimental group (Figure legend continues.) in anti-Ly6G-treated animals at both 1 dpi (Fig. 8B-D ) and 14 dpi (Fig. 8E) . As above, an increased proportion of monocytes (Ly6G Ϫ / Ly6C ϩ ) was detected in blood at 1 and 14 dpi (Fig. 9A-D) , and the specificity of PMN depletion by anti-Ly6G was confirmed by quantification of the absolute number of PMNs or monocytes per 5000 events counted via flow cytometry (Fig. 9E-H) .
Lesion volume and astroglial scar formation after SCI are reportedly unaltered by treatment with anti-Ly6G (Saiwai et al., 2013) . As a necessary step for histological comparisons of cell engraftment, we confirmed that anti-Ly6G treatment did not alter histological lesion volume in groups receiving cell transplants or vehicle as assessed by fibronectin volume 90 dpi (Fig. 10 A, B; hCNS-SCns ϩ IgG2a ϭ 0.14 Ϯ 0.02 mm 3 ; hCNS-SCns ϩ antiLy6G ϭ 0.13 Ϯ 0.02 mm 3 ; Student's t test, p ϭ 0.49). Accordingly, blinded unbiased stereological analysis of humanspecific hCNS-SCns engraftment was conducted via immunohistochemistry for the human-specific cytoplasmic marker SC121 to determine whether treatment with anti-Ly6G altered donor human cell number, localization, or lineage selection.
Anti-Ly6G modulated localization but not total donor human cell engraftment after SCI Stereological analysis was conducted as described in Materials and Methods using the optical fractionator probe and contour definitions to identify the perimeter of the spinal cord and the spared spinal cord parenchyma. This analysis represents an unbiased and density/volume-adjusted estimate of the total number of engrafted donor human cells within the anatomical region sampled. Cell engraftment was observed in 100% of hCNS-SCns ϩ IgG2a (N ϭ 12) and hCNS-SCns ϩ anti-Ly6G-treated (N ϭ 12) animals. A subset of animals was randomly selected from each group for optical fractionator quantification of donor SC121 ϩ human cells and SC123 ϩ human astrocytes (N ϭ 5). The number of donor SC121 ϩ human cells (Fig. 11A) showed no significant differences in engraftment between IgG2a-and anti-Ly6G-treated groups 90 dpi ( Fig. 11B ; hCNS-SCns ϩ IgG2a ϭ 654,500 Ϯ 55,050; hCNS-SCns ϩ anti-Ly6G ϭ 474,600 Ϯ 118,000; Student's t test, p ϭ 0.10). However, dramatic differences were observed in the localization and distribution of donor SC121 ϩ human cells (Fig. 11C,D) . While IgG2a-treated animals frequently exhibited dense clusters of SC121 ϩ human cells in regions adjacent to the lesion epicenter ( Fig. 11C ; 3D reconstruction with lesion epicenter in red and SC121 ϩ human cell clusters in blue in Fig. 11cЈ ), anti-Ly6G-treated animals exhibited either significantly smaller clusters or the absence of clustered cells entirely ( Fig. 11D ; 3D reconstruction with lesion epicenter in red and SC121
ϩ human cell clusters in blue in Fig. 11dЈ ). Accordingly, anti-Ly6G-treated animals exhibited a significant reduction in the number of SC121 ϩ cells compared with IgG2a-treated animals in the spared tissue adjacent to the lesion (Fig. 11E) . The density of SC121 ϩ human cells in IgG2a-treated animals precluded accurate stereological sampling of individual cells, suggesting that the quantitative cell number comparison in Figure  11 , B and E, represents an underestimation of donor human cells at these dense regions. We therefore confirmed this observation using unbiased stereological quantification of SC121 ϩ human cell cluster volume (Fig. 11F) , which also demonstrated that antiLy6G-treated animals exhibited a loss of donor human cell clustering near the lesion epicenter. Together, these data show that anti-Ly6G treatment altered the localization of donor human cells near the lesion site and suggest a novel role for PMNs in modulating donor human cell behavior in the SCI microenvironment.
Anti-Ly6G inhibited astroglial differentiation of donor human hCNS-SCns proximal to the lesion epicenter
As characterized above, clusters of donor human cells proximal to the lesion, in the region typically occupied by reactive astrocytes and associated with the glial scar post-SCI, are a key feature observed in an acute cell transplantation paradigm. Accordingly, human astrocyte lineage selection was assessed via immunohistochemistry for the human-specific anti-GFAP antibody SC123. Donor human cells proximal to the lesion epicenter in hCNSSCns ϩ IgG2a-treated animals were predominantly SC123 ϩ human astrocytes, with extensive accumulation in dense clusters ( Fig. 12A ; 3D reconstruction with lesion epicenter in red and SC123 ϩ human astrocyte clusters in blue in Fig. 12aЈ ). In striking contrast, engrafted cells in hCNS-SCns ϩ anti-Ly6G-treated animals were not retained in clusters, and few human astrocyte clusters were observed proximal to the lesion ( Fig. 12B ; 3D reconstruction with lesion epicenter in red and SC123 ϩ human astrocyte clusters in blue in Fig. 12bЈ) .
Anti-Ly6G-mediated reduction of human astrocyte clusters near the lesion was supported by blinded unbiased stereological quantification of the total number of SC123 ϩ human astrocytes using the optical fractionator probe, which demonstrated a significant decrease in hCNS-SCns ϩ anti-Ly6G-treated animals compared with hCNS-SCns ϩ IgG2a-treated animals ( Fig.  12C ; hCNS-SCns ϩ anti-Ly6G ϭ 23,980 Ϯ 8105; hCNS-SCns ϩ IgG2a ϭ 48,410 Ϯ 6955; Student's t test, p Ͻ 0.05). Further analysis of the number of SC123 ϩ human astrocytes localized to the region proximal versus distal to the epicenter revealed that this difference was specific to the region near the lesion (within 1 mm) and not observed in regions away (Ͼ1 mm) from the lesion ( Fig. 12D ; Student's t tests, p Ͻ 0.05 near lesion, p ϭ 0.28 away from lesion). An associated decrease in the number of SC123 ϩ human astrocytes was observed in the anti-Ly6G-treated animals when stereological data were plotted in a distribution curve ( Fig. 12E ; two-way ANOVA followed by Bonferroni post hoc t tests, p Ͻ 0.001 at the spared tissue region adjacent to the lesion). As was the case for SC121 quantification, the density of SC123 ϩ cells near the lesion epicenter in IgG2a-treated animals was so high as to preclude accurate cell counting, resulting in a 4 (Figure legend continued. ) and plotted in three dimensions using the first three principal components (PC1-PC3). The analysis revealed a distinct cluster of the naive group (blue) and more similarities in the overall gene expression between the anti-Ly6G (red) and IgG2a (green) groups. B, Hierarchical clustering of the expression of 15,627 genes (rows) and samples (columns) ordered by experimental groups. Heatmap visualization of clustering revealed clear collections of genes that were systematically upregulated (red) or downregulated (blue) in naive and IgG2a or anti-Ly6G treatment groups, respectively. In contrast, there was an apparent similar gene expression pattern in IgG2a versus anti-Ly6G groups, substantiating PCA findings. C, The table listed 25 statistically significant genes (DE) found in IgG2a compared with anti-Ly6G groups by edgeR (logFC, log fold change; logCPM, log count per million; LR, likelihood ratio; Pvalue, unadjusted p value; FDR, false discovery rate). D, Heatmap of unsupervised bidirectional clustering of 25 DE values of all samples indicated three distinct clusters classified by experimental group. Overall, 21 of the 25 DE genes were upregulated, and 4 genes (Cxcr2, Mettl7a1, Csfr3, and Rimkla) were downregulated in a comparison of the anti-Ly6G-and IgG2a-treated groups. E, Heatmap of tissue-specific expression for the significant genes was generated using Human Proteome Map (Kim et al., 2014) . Anti-Ly6G depleted blood PMNs following hCNS-SCns transplantation at 1 dpi and up to 14 dpi after SCI. A, Immediately after SCI, animals receiving intraperitoneal injections of anti-Ly6G or IgG2a were transplanted with either hCNS-SCns (75,000/animal) or vehicle. Blood cells (N ϭ 10 -12) were immunolabeled for CD45, CD11b, Ly6G, and Ly6C. The CD45 ϩ /CD11b ϩ leukocyte cell population was gated to assess for Ly6G ϩ /Ly6C Ϫ PMNs. B, C, hCNS-SCns ϩ anti-Ly6G-treated but not hCNS-SCns ϩ IgG2a-treated animals exhibited depletion of the PMN population in blood at 1 and 14 dpi. D, E, Animals that received hCNS-SCns (open circles) or vehicle injection (filled squares) for both IgG2a (green) and anti-Ly6G (purple) are shown in the same graph for reference. D, No significant differences were detected in blood PMNs 1 dpi between groups that received cells versus vehicle in either IgG2a (hCNS-SCns ϩ IgG2a ϭ 85.3 Ϯ 2.6% vs vehicle ϩ IgG2a ϭ 86.1 Ϯ 1.9%; N ϭ 10 -12, Student's t test, p ϭ 0.80) or anti-Ly6G (hCNS-SCns ϩ anti-Ly6G ϭ 0.21 Ϯ 0.11% vs vehicle ϩ anti-Ly6G ϭ 0.09 Ϯ 0.05%; N ϭ 10 -12, Student's t test, p ϭ 0.43) treatment groups. E, Similarly, no significant differences were detected in blood PMNs 14 dpi between groups that received cells versus vehicle in either IgG2a (hCNS-SCns ϩ IgG2a ϭ 62.18 Ϯ 2.5% vs vehicle ϩ IgG2a ϭ 70.95 Ϯ 3.3%; N ϭ 10 -12, Student's t test, p Ͻ 0.05) or anti-Ly6G (hCNS-SCns ϩ anti-Ly6G ϭ 0.1691 Ϯ 0.05% vs vehicle ϩ anti-Ly6G ϭ 0.2839 Ϯ 0.11%; N ϭ 10 -12, Student's t test, p ϭ 0.33) treatment groups. ***p Ͻ 0.001, Student's t test. Values are given as the mean Ϯ SEM.
likely underestimate of SC123 ϩ human astrocytes in this region. To provide a second measure and quantitatively assess cell clustering, the volume of SC123 clusters was also determined by stereology using the Calvalieri probe and sequentially revealed a significant reduction in anti-Ly6G-treated versus IgG2a-treated animals ( Fig. 12F; p Ͻ 0.05) . In all, these data demonstrate a profound change in donor human cell distribution and astrocyte number/clustering in response to anti-Ly6G treatment, demonstrating a novel role for PMNs to modulate donor human cell lineage selection and distribution. Accordingly, we next assessed the impact of these fundamental changes in donor human cell localization and fate on functional locomotor recovery.
Anti-Ly6G restores the capacity of hCNS-SCns to promote the recovery of function after SCI PMN infiltration has been suggested to exert a detrimental role post-SCI, and inhibition of early acute inflammation (up to several days post-SCI) has been shown to improve locomotor recovery (Tonai et al., 2001; Saville et al., 2004; Gorio et al., 2007; Bao et al., 2011) ; however, these studies were not PMN specific in depletion. In fact, only Saiwai et al. (2013) have tested the role of PMNs in SCI using a specific PMN depletion paradigm (Saiwai et al., 2013) ; in that study, PMN depletion up to 7 dpi with anti-Ly6G did not improve locomotor recovery in mice assessed through 42 dpi. Accordingly, we first sought to test whether anti-Ly6G treatment modulated long-term functional recovery after SCI (through 90 dpi) in our paradigm using NOD-scid mice, independent of hCNSSCns transplant. To address this question, mice received vehicle instead of hCNS-SCns transplants and were assessed for locomotor recovery of function using CatWalk kinematic gait analysis. Consistent with Saiwai et al. (2013) , mice that received vehicle ϩ IgG2a versus vehicle ϩ anti-Ly6G in our paradigm exhibited no significant change in hindpaw print area, hindpaw maximum contact area, mean swing speed, and the percentage of step sequence Abs (Fig.  13A-D) . These data suggest that early PMN infiltration does not exert dramatic effects on long-term recovery of function after SCI.
Although PMN depletion with anti-Ly6G did not alter locomotor performance in animals that received vehicle, animals that received donor cell transplants exhibited improved locomotor recovery in CatWalk kinematic analysis, including the restoration of hindpaw print area (Fig. 13A) , hindpaw maximum contact area (Fig. 13B) , mean swing speed (Fig. 13C) , and the percentage of step sequence Abs (Fig. 13D ) when normalized to preinjury levels (Fig. 13D , dotted line indicates preinjury performance normalization to 100% for each parameter; one- . PMN depletion via anti-Ly6G increased the proportion of monocytes but did not affect the absolute number of blood monocytes at 1 dpi and up to 14 dpi following hCNS-SCns transplantation. A-D, hCNS-SCns ϩ anti-Ly6G treatment (B) had increased blood monocyte proportion at 1 dpi compared with hCNS-SCns ϩ IgG2a treatment (A), demonstrating an increase in the percentage of monocytes in blood at 1 dpi (C) and 14 dpi (D). E, G, Quantitation of PMN absolute cell numbers per 5000 events demonstrated that the hCNS-SCns ϩ anti-Ly6G treatment group had depleted numbers of blood PMNs at 1 dpi (E) and 14 dpi (G). F, H, In contrast, the quantitation of monocyte absolute cell number per 5000 events demonstrated no difference in the number of blood monocytes between hCNS-SCns ϩ IgG2a and hCNS-SCns ϩ anti-Ly6G groups at either 1 dpi (F) or 14 dpi (H). C-H, Quantitative flow cytometry results for groups that received injections with hCNS-SCns (open circles) or vehicle (filled squares) for both IgG2a (green) and anti-Ly6G (purple) in the same graphs for reference. No significant differences in the percentage or absolute number of PMNs or monocytes were detected between groups that received hCNS-SCns versus vehicle within either the IgG2a or anti-Ly6G treatment groups. N ϭ 10 -12Ј, ***p Ͻ 0.001, Student's t test. Values are given as the mean Ϯ SEM. . Transplantation studies have generally presumed that the acute injury microenvironment is too toxic to permit donor cell engraftment (Okano 2002) and, therefore, focused on the subacute and chronic phases of trauma. Critically, we report that total donor human cell engraftment is not affected by time of transplantation, but rather that localization and the fate of transplanted cells is dramatically altered. These data demonstrate a novel role for PMNs in modulating cell migration, fate, and functional outcome of hCNS-SCns and suggest that distinct populations of immune cells infiltrating the spinal cord at different times postinjury could regulate donor cell efficacy. In particular, the observation that specific PMN depletion with anti-Ly6G treatment improved the recovery of function when combined with hNSC transplantation suggests that PMN depletion affected the in vivo activity of donor hNSCs in one or more of the following ways: (1) PMN depletion may have altered the state of the injured spinal cord, reducing damage or promoting a regenerative response, and changing the threshold required to for donor hNSCs to exert an effect on repair via a complementary or synergistic mechanism; (2) PMN depletion may have altered the migration However, only animals that received hCNS-SCns ϩ anti-Ly6G showed no difference (N.S. ϭ p Ͼ 0.05) to normalized preinjury levels of all measures of CatWalk, demonstrating that anti-Ly6G rescued the capacity of hCNS-SCns to improve functional recovery. N ϭ 10 -12; one-sample column t test, #p Ͻ 0.05, ##p Ͻ 0.01, ###p Ͻ 0.001. Alternately, normalized measured values of vehicle ϩ IgG2a-treated animals were also compared with all other animal groups. Critically, only animals that recieved hCNS-SCns ϩ anti-Ly6G had significant improvement in paw print area percentage (A), maximum contact area percentage (B), and mean swing speed percentage (C). All values were normalized to the levels of preinjury animals (dotted lines). N ϭ 10 -12; one-way ANOVA followed by Dunnett post hoc t tests, **p Ͻ 0.01, ***p Ͻ 0.001. Values are given as the mean Ϯ SEM. and fate cues received by donor hNSCs in the injured spinal cord, restoring their potential to directly effect repair; or (3) a combination of these activities.
Although previous studies have not tested the role of PMNs in relation to cell transplantation, the effect of PMN infiltration on SCI pathogenesis and the state of the injured spinal cord is unclear. Several studies have suggested a detrimental role for PMNs in the postinjury spinal cord. PMN inhibition (up to several days post-SCI) with CXCR2 inhibitors (Gorio et al., 2007) , elastase inhibitors (Tonai et al., 2001) , phosphodiesterase inhibitors (Bao et al., 2011) , and monoclonal anti-CD11 d antibodies (Saville et al., 2004) improved SCI and locomotor recovery. However, the neutralizing antibodies and inhibitors used were not PMN specific and also inhibit or deplete early infiltrating monocytes, therefore affecting monocyte-derived macrophages, which may promote tissue repair (David and Kroner, 2011; Saiwai et al., 2013) .
Conversely, other studies have suggested that PMNs can promote regeneration and initiate inflammation-associated tissue repair. PMN depletion via anti-Gr-1 (clone RB6-8C5) antibody worsened injury and locomotor recovery at 28 or up to 42 d post-SCI (Stirling et al., 2009; Saiwai et al., 2013) . Again, however, anti-Gr-1 acts on monocytes as well as PMNs; hence, these data could actually support a reparative role for monocytes after SCI, as noted above. In parallel, PMNs express the regeneration promoting growth factor oncomodulin, and the specific immunodepletion of PMNs via anti-Ly6G (clone 1A8) treatment diminished oncomodulin levels and suppressed axon regeneration after inflammation-induced optic nerve injury (Kurimoto et al., 2013) . However, anti-Ly6G antibody treatment did not alter either the lesion or locomotor recovery 42 d after contusion SCI in either previous reports (Saiwai et al., 2013 ) or in our current study, although it should be noted that there was a trend for a decrement in one CatWalk measure, regularity index, in vehicle ϩ antiLy6G versus vehicle ϩ IgG2a control at 12 weeks post-SCI. This observation could suggest a more complex role for PMN infiltration in long-term recovery after SCI. However, analysis of the RNA expression profile in naive, SCI ϩ IgG-treated, and SCI ϩ Ly6G-treated spinal cord 1 dpi demonstrated surprisingly few gene changes, which were principally focused on innate and adaptive immune responses at this early time point. Further studies of the peripheral and CNS immune response will be necessary to establish the relationships among PMN infiltration, activation/ infiltration of other immune populations, and the recovery of CNS function.
A second possibility is that PMN depletion altered the microenvironment of the injured spinal cord and thereby the migration and differentiation cues received by donor hNSCs, changing their capacity to directly effect repair. PMN infiltration post-SCI could modulate direct hNSC-mediated repair through several mechanisms. PMNs can synthesize cytokines/factors (e.g., TNF-␣, IL-6, ROS, complement proteins) that could affect donor hNSC fate and migration. Indeed, several studies have shown that the administration of TNF-␣ or IL-6, but not IL-1␤, increases GFAP ϩ cell proliferation in culture (Selmaj et al., 1990; Pannu et al., 2005) , suggesting that these PMN-synthesized cytokines could contribute to donor hNSC astrocytic fate and migration toward the injury epicenter after SCI. Furthermore, we have shown that PMN-generated complement components C1q and C3a are chemotactic for hNSCs, promote astroglial lineage selection, and impair oligodendroglial lineage selection in vitro, and that blockade of C1q and C3a at the SCI epicenter reduces in vivo astroglial differentiation of acutely transplanted hNSCs (Hooshmand et al., 2017) .
In accordance with these data, a principal change in donor hNSC behavior observed following PMN depletion was the reduction in recruitment of transplanted cells toward the injury epicenter and the decrease in astroglial fate in these cells. These data suggest that PMN-driven astrocytic fate and the migration of donor hNSCs toward the injury epicenter could contribute to the blockade of repair capacity, for example, by limiting the rostralcaudal "reach" of donor cells and diverting donor cells away from specific cell fates or phenotypes (e.g., oligodendroglia or formation of beneficial astrocytes). Regarding the latter, under normal physiological conditions astrocytes support neuronal growth. Moreover, delayed transplantation of astrocytes derived from BMP-stimulated embryonic glial-restricted precursors promotes behavioral recovery, axonal growth, and cell survival in rodent models of Parkinson's disease (Proschel et al., 2014) and SCI (Shih et al., 2014) , suggesting that phenotype is a key variable in defining the effect of astroglial fate on repair and regeneration. In agreement with this concept, recent data suggest that phenotype may also play a role in the net effects of endogenous astroglial populations within the CNS (Hamby et al., 2012; Anderson and Maes 2014; Liddelow et al., 2017) .
The data presented here are the first to demonstrate that the specific immunodepletion of an immune cell population can modulate the efficacy of a therapeutic cell population. However, it is important to note that the converse has been previously shown, suggesting that transplanted stem cell populations can affect the host inflammatory microenvironment to modulate repair and alter the survival/fate and recruitment of host cells. In particular, transplanted mesenchymal stromal/stem cells have been suggested to suppress the immune response through a number of direct cell-to-cell interactions and soluble factors (Bassi et al., 2011; Holubova et al., 2014; Kode et al., 2009) . Furthermore, several studies have suggested an immunoprotective effect by engrafted undifferentiated neural precursor cells, either via apoptotic induction of blood-borne CNS-infiltrating encephalitogenic T cells or TL-R4 activation (Koutsoudaki et al., 2016) . Although transplanted cells can potentially affect the host microenvironment (e.g., inflammation/astrogliosis), transplanted hCNS-SCns in our paradigm did not alter the level of PMNs or monocytes in the blood or spinal cord, as shown by flow cytometry.
It has frequently been assumed that acute transplantation of therapeutic stem cell populations would be problematic due to poor cell survival/engraftment (Okano 2002). In contrast, the acute versus delayed data presented here demonstrate equivalent engraftment 12 weeks after transplantation and suggest that the modulation of migration and lineage selection play a key role in the potential for repair. In this regard, PMN depletion or manipulation of other immune populations and inflammatory molecules may have clinical relevance as an approach to expand therapeutic window. Critically, differences in the immune response between rodents and humans may have a dramatic impact in considering the meaning of a therapeutic window in a clinical context. Although our study tested an early time window based on the timing of PMN infiltration in rodent SCI models , PMN infiltration in human SCI patients can persist for weeks, can be detected from months to years after SCI, and, as in rodent models, remains localized in the epicenter . Future studies should consider strategies by which antiLy6G could be packaged into biodegradable materials [e.g., poly(lactic-co-glycolic acid)] for sustained local delivery at the lesion, as well as small-molecule inhibitors of PMN infiltration (e.g., sivelestat), which have been shown to be safely tolerated in the clinical setting (Ryugo et al., 2006; Aikawa et al., 2011) . In particular, strategies that can avoid systemic PMN depletion or impairment of the overall systemic immune response would address key issues for polytrauma associated with SCI. In all, these data support the potential for clinical application of strategies to target the inflammatory microenvironment in combination with cell transplantation after SCI.
